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ABSTRACT 


Collisional  transfer  of  population  between  rotational  levels  of  DF  was 
measured  using  an  1R  double  resonance  method.  The  data  were  used  to  calculate 
rotational  relaxation  rates.  Pressure  broadening  of  DF  absorption  was  determined 
for  the  fundamental  lines  P6  through  P18.  Total  molecular  collisional  rates  were 
obtained  from  the  absorption  data  and  compared  with  the  total  of  individual 
collisional  rates  for  velocity,  vibrational  and  rotational  relaxation.  The  results 
were  compared  with  two  kinetic  rate  models.  Observations  were  also  made  of 
rotational  lasing  and  vibration  to  rotation  transfer  in  DF. 
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Chemical  reactions  between  hydrogen  and  fluorine  are  used  to  pump  excited 
states  for  HF/DF  lasers  and  are  capable  of  populating  high  vibrational  levels 
in  the  range  of  v  -  3-7  and  high  rotational  levels.  Populations  in  high  rota¬ 
tional  levels  may  relax  towards  a  Boltzmann  distribution  through  collisional 
energy  transfer  or  by  lasing  on  transitions  between  rotational  energy  levels. 

Rates  for  deactivation  of  excited  HF  have  been  measured  at  United  Technologies 
Research  Center  (UTRC)  under  a  program  sponsored  by  the  Air  Force  Office  of 
Scientific  Research.  In  particular,  rates  have  been  determined  for  population 
transfer  from  upper  vibrational  states,  among  rotational  levels,  between  velocity 
classes,  from  vibrational  to  rotational  modes  and  transfer  by  lasing  between 
rotational  levels  (Refs.  1  &  2) .  The  techniques  of  laser  fluorescence  and 
double  laser  resonance  are  used.  Several  computer  modeling  programs  use  the 
data  (Refs.  3-9)  to  calculate  single  line  laser  power,  pulse  laser  time-energy- 
wavelength  relationships,  hole  burning  in  power  extraction  and  radiation  line- 
widths. 

The  infrared  double  resonance  technique  for  following  rotational  populations 
use  absorption  of  radiation  from  a  pulsed  laser  operating  on  a  single  v(l-O) 
vibrational  transition  to  pump  population  in  an  HF  gas  sample  to  a  specific 
rotational  J  level  in  the  v  *  1  vibrational  level.  Collisional  processes  then 
redistribute  this  population  among  other  rotational  and  other  vibrational  levels. 

A  CW  probe  laser  is  used  to  monitor  the  rate  of  loss  of  population  from  the 
pumped  rotational  level  or  the  rate  of  arrival  of  population  in  one  of  the  other 
rotational  levels.  Pressure  broadened  llnewidths,  which  have  been  determined 
for  HF  by  absorption  of  laser  radiation,  are  a  measure  of  the  total  collisional 
rate  and  can  be  used  in  comparison  with  the  sum  of  the  Individual  collisional 
transfer  rates  measured  by  fluorescence  and  double  resonance. 

Here  we  report  on  similar  measurements  to  obtain  kinetic  data  for  DF.  This 
report  is  divided  into  four  sections  which  cover  the  following  topics: 

Section  1  Rotational  Relaxation  Studies  of  DF  Using  1.  R.  Double 
Resonance 

Section  2  Pressure  Broadened  Llnewidths  for  the  DF  Fundamental  Absorption 
Band 
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SECTION  1 

ROTATIONAL  RELAXATION  STUDIES  OF  DF  USING 
I.  R.  DOUBLE  RESONANCE 


Introduction 

Collisional  transfer  rates  for  rotational  population  were  previously 
determined  for  HF  (Ref.  1)  by  using  a  double  laser  resonance  method.  Population 
was  pumped  into  an  empty  rotational  level  by  radiation  from  a  pulsed  HF  laser 
and  arrival  of  this  population  into  higher  levels  was  monitored  with  a  cw  HF 
laser  probe.  Rotational  levels  J2,  J3,  J4  and  J5  were  pumped  and  levels  probed 
ranged  from  J3  to  J8.  Rotational  lasing  from  the  level  pumped  to  lower  levels 
was  observed  and  its  effect  on  collisional  transfer  rates  was  evaluated  (Ref.  2). 
The  collisional  transfer  rates  were  satisfactorily  described  by  a  one  parameter 
kinetic  model.  In  this  section  we  report  parallel  measurements  for  population 
transfer  in  DF.  Since  the  rotational  energy  level  spacings  in  DF  are  much 
closer  than  those  in  HF,  as  shown  in  Fig.  1-1,  other  molecular  characteristics 
being  almost  identical,  one  would  expect  that  rotational  relaxation  to  be 
faster  for  DF. 


Experimental 

A  schematic  diagram  of  the  experiment  is  shown  in  Fig.  1-2.  Monochromatic 
radiation  from  a  pulsed  laser  operating  on  a  single  P^_q  transition  is  used  to 
illuminate  a  cell  containing  DF  gas  at  22°C.  Absorption  of  the  radiation  pumps 
population  from  v  ■  0  into  a  single  rotational  level  J  of  v  «  1.  Single  wave¬ 
length  radiation  from  a  cw  DF  laser,  which  passes  colinearly  with  the  pulsed 
beam  through  the  cell,  is  used  to  probe  the  absorption  in  various  rotation  levels 
and  thus  follows  the  change  in  population  with  time  after  the  pulse.  This  is 
manifest  as  a  change  in  transmitted  laser  intensity  I.  The  DF  population  that 
is  pumped  to  v  »  1,  J  is  redistributed  by  rotational  relaxation  processes.  The 
vibration-rotation  energy  diagram  in  Fig.  1-2  illustrates  various  probing  beam 
transitions  for  the  case  of  pumping  J  ■  3  of  (v  ■  1) . 

The  pump  laser  (Ref.  3)  is  a  multipin,  transverse  flow,  pulsed  discharge 
type  that  utilizes  a  stream  of  premixed  SFg,  D2,  and  He  and  is  grating  tunable 
to  produce  single  wavelength  radiation.  Single  Pj_q  wavelength  pulses  of  0.1 
psec  duration  (FWHM)  at  12  pps  each  contain  about  0.05  mJ  of  energy.  The  probe 
laser,  which  has  been  described  in  detail,  (Ref.  4)  is  a  small  mixing  device 
that  radiates  a  single  P2  ^  wavelength  cw  beam  containing  0.1-0. 2  V  with 
amplitude  instability  less  than  3%.  This  laser  operates  on  a  single  axial 
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cavity  mode  and  can  be  tuned  over  the  350  MHz  Doppler  gain  profile  by  use  of  a 
piezoelectric  crystal  mounted  mirror  in  the  optical  cavity.  The  linewidth  of 
the  laser  output  is  10-30  MHz  as  measured  with  a  scanning  Fabry-Perot  inter¬ 
ferometer. 

The  tunability  of  the  probe  laser  is  a  critical  requirement  because  both 
the  pulsed  laser  radiation  used  for  pumping  and  the  cw  laser  used  for  probing 
have  narrow  lines.  Thus  only  molecules  from  a  small  section  of  the  velocity 
distribution  are  pumped  and  in  order  to  interact  with  this  velocity  class,  the 
cw  laser  must  be  tuned  to  the  same  frequency  as  the  pulsed  output.  This  effect 
of  the  pumping  is  shown  in  Fig.  1-3.  That  the  strongest  absorption  signals  were 
obtained  when  the  probe  laser  was  tuned  to  line  center  is  evidence  that  the 
pulse  laser  operates  at  or  near  line  center. 

The  DF  gas  absorption  cell  was  made  from  a  Kel-F  tube  40  cm  in  length  with 
an  internal  diameter  of  12  mm.  Sapphire  windows  were  held  on  each  end  with 
Kel-F  wax.  Kel-F  was  chosen  because  it  was  found  in  laser-fluorescence  experi¬ 
ments  to  be  immune  to  chemical  attack  by  HF.  The  two  laser  beams  were  made 
colinear  and  passed  through  the  long  axis  of  the  cell.  Diameters  of  both 
pulsed  and  cw  beams  were  about  3  mm. 

Variations  in  the  intensity  of  the  cw  laser  due  to  absorption  are  monitored 
with  an  AuGe  detector  (77°K)  having  a  sensitive  area  5  mm  in  diameter  which  inter¬ 
cepted  the  entire  cw  beam.  Placed  between  the  absorption  cell  and  the  detector 
were:  first,  a  short  cell  containing  high  pressure  1  atm)  DF  gas  to  diminish 
Pl_0  pulsed  radiation  by  absorption  and  second,  a  1/4  meter  spectrometer  to 
eliminate  residual  pulsed  radiation  and  pass  the  P2-I  cw  beam.  The  detector  has 
a  response  time  of  2-3  nsec;  signals  from  this  detector  were  fed  into  an  os¬ 
cilloscope  amplifier  (Tetronix  7A15A)  having  a  response  time  of  5  nsec.  The 
overall  system  rise  time  of  less  than  10  nsec  is  a  factor  of  10  shorter  than  the 
shortest  measured  signal  time.  Data  were  recorded  as  pictures  of  scope  traces 
for  individual  pulses.  Repetitive  traces  for  pulses  at  constant  DF  pressure 
varied  less  than  5%  from  pulse  to  pulse. 

The  gas  handling  system  was  also  made  from  Kel-F.  Pressures  were  measured 
with  a  capacitance  manometer  calibrated  with  a  McLeod  gauge.  The  procedure 
used  for  purifying  DF  (Ozark-Mahoning  Co.)  is  given  in  Ref.  5.  The  HF  content 
in  the  DF  samples  was  determined  to  be  less  than  3%  by  absorption  measurements 
using  a  cw  HF  laser. 


Results  and  Discussion 

Intensity  measurements  of  probe  laser  radiation  were  made  to  follow 
population  changes  in  various  experimental  regimes. 
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Typical  data  are  shown  in  Fig.  1-4  for  several  values  of  pressure.  These 
traces  are  of  temporal  changes  in  the  transmitted  intensity  of  probe  radiation 
as  a  result  of  relaxation  after  pumping  level  J.  The  probe  laser  monitors  the 
population  difference  between  v  =  2  and  v  *  1.  Since  the  v  ■  2  level  of  DF 
is  unpopulated  during  the  rotational  equilibration  time,  the  observed  changes 
in  absorption  are  a  direct  reflection  of  changes  in  population  in  the  probed 
level.  It  is  evident  from  the  traces  of  Fig.  1-4  for  the  case  of  pumping  with 
J2  and  probing  at  J10  of  v  *  1  with  DF  pressure  varied  firom  0.07  to  0.33  torr, 
that  the  transfer  time  is  longer  at  lower  DF  pressures. 

Values  for  the  rate  of  population  transfer  between  rotational  levels  were 
obtained  from  traces  such  as  those  shown  in  Figs.  1-4.  An  exponential  growth 
of  the  absorption  was  assumed  and  the  time  constant  t  was  obtained  at  the 
(1  -  1/e)  point  of  maximum  signal  decrease.  Similar  data  were  recorded  for 
transfer  in  DF  from  J2  to  J4,  6,  8,  10;  from  J3  to  J5,  6,  7,  8,  9,  10,  11; 
from  j4  to  J5,  6,  8,  10;  from  J5  to  J8,  10;  and  from  J6  to  J7,  8,  9. 

The  data  on  Fig.  1-5  show  that  the  increase  of  transfer  rates  is  not 
quite  linear  with  pressure.  Also,  the  data  at  low  pressure  do  not  extrapolate 
through  zero.  At  high  pressure  the  shortened  absorption  time  constants  are 
significantly  influenced  by  the  pumping  pulse  duration.  At  very  low  pressure, 
diffusion  out  of  the  probe  beam  adds  to  the  absorption  decay.  The  measured 
transfer  time  t  is  related  to  a  corrected  transfer  time  Tcorr  by 


1  -  1  +_D_, 

T  T  X  t  P 

corr  pulse 

where  D  is  the  diffusion  rate  out  of  the  cw  beam,  t  .  is  the  pulse  decay 

time,  and  1/tcq  is  the  transfer  rate  for  a  zero  width  pulse.  The  value  of 

l/pTcorr  *s  t^'en  taken  to  be  a  constant  for  a  given  data  set.  The  best 

fits  of  this  expression  to  the  data  for  1/t  versus  pressure  are  shown  in  Fig. 

1-5.  This  figure  shows  some  of  the  experimental  data  for  pumping  J3  that 

were  used  in  the  analysis;  actual  data  points  are  represented  by  the  small 

numbers  which  code  the  level  probed.  The  constant  values  used  for  D  and 

t  .  were  determined  by  multiparameter  fits  of  the  data  sets  yielding  D  - 

5790  torr/sec  and  t  i  =65  nsec.  These  are  near  the  values  used  previously 
pulse 

for  fitting  HF  data  (Ref.  1). 

The  corrected  transfer  times  are  measured  at  population  values  relative 
to  the  value  in  the  probed  level  at  rotational  equilibrium.  A  simple  approxi¬ 
mation  for  deriving  rate  constants  from  Tcorr  can  be  obtained  from  the  rate 
equation  for  the  population  of  the  probed  level  j.  At  short  times,  only  the 
pumped  level  i  of  v  ■  1  is  populated  and  the  population  of  level  j  can  be 
written  as 

nj  “  no*j  f1  ■  e_t/TiJ); 
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substituting  this  in  the  rate  equation  we  find 

kij  =  "j  (1/P‘r  ij-)  * 

where  (I/Pt^)  is  the  rate  from  the  pumped  level  i  to  the  probed  level  j  ,  nQ  is 
the  initial  pumped  population  corrected  for  pulse  duration,  n^  is  the  normalized 
Boltzmann  factor  for  the  state  j,and  k^,.  is  the  simplest  approximation  to  the 
rate  constants.  Corrected  values  for  1?t  were  used  to  obtain  and  these  are 
listed  in  Table  I.  A  more  accurate  determination  of  the  rate  constants  from  the 
measured  transfer  rates  could  be  obtained  by  the  solution  of  a  number  of  simultan¬ 
eous  linear  equations;  however,  this  would  require  data  for  transfer  times 
to  the  lower  J  levels  (J  =  0,  1,2)  which  were  not  measured  because  rotational 
lasing  to  lower  levels  of  DF  was  observed.  Rather,  a  phenomenological  model 
for  the  rate  constants  was  developed  and  fitted  to  the  data.  This  model  then 
provides  rate  constants  not  only  for  the  experimentally  accessible  levels  but 
provides  a  means  of  extrapolation  to  other  levels. 

A  general  equation  was  first  developed  to  describe  the  experimentally 
determined  transfer  rates  for  HF.  The  physical  concept  employed  was  that  an 
excited  molecule  in  v  =  1,  J  collided  with  a  ground  state  molecule  in  v  =  0, 

JQ  and  both  molecules  changed  rotational  states  with  the  nonresonant  energy 
going  into  translation.  With  that  assumption  the  rate  equations  governing 
the  process  were: 


4-  nvs|  =  l.  „  /n.v*°  n  vs|  K....-D  .**<>  ny*i  «  \ 

dt  J  k  1  'J*1  k  J  j'ki f 


(l) 


where  n^  is  the  population  in  the  vibrational  state  v  and  rotational  level  j , 


v,-K0fijV-  i(cr-ErMe.,-E‘,‘°)i/kT 


(2) 


where  Kc  is  a  constant,  nj  is  the  normalized  Boltzmann  population. 

This  definition  of  vc^j^l  satisfies  detailed  balance  explicitly  and  assumes 
the  rate  to  be  proportional  to  the  exponential  of  the  energy  defect  in  the  colli¬ 
sion  (i.e.  to  the  energy  transferred  to  or  from  translation) .  Summing  Eq.  1 
over  the  unobserved  ground  state  levels  one  obtains 


d_ 

dt 


•  P  z 
Mi 


(3) 
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Using  this  model  of  the  rate  constant  a  computer  simulation  of  the  experi¬ 
ment  was  carried  out,  including  terms  in  the  rate  equation  to  describe  the  pumping 
pulse  and  the  velocity  redistribution.  The  population  of  rotational  levels  from 
J  ■  0  to  J  »  15  were  included  in  the  simulation. 

Experimental  rate  constants  previously  determined  for  HF  transfer  from 
pumped  J  to  probed  J'  are  presented  in  Fig.  1-6  for  pumping  J*2,  3,  4,  5,  and 
probing  up  to  J'  -  8.  The  lines  marked  H-H  in  the  figure  are  the  computer 
simulation  results  using  equation  2  and  a  single  value  for  the  rate  constant 
Kq  of  2.0  x  10~®sec“^ torr~l.  The  model  is  in  reasonable  agreement  with  experi¬ 
mental  results  and  can  be  used  to  extrapolate  to  higher  rotational  levels. 

Experimental  rate  constants  for  DF  obtained  by  pumping  levels  J3,  4,  5,  6,  7, 
and  probing  to  Jll  are  presented  in  Fig.  1-7.  To  simulate  these  results  the 
value  of  K  in  equation  2  was  corrected  for  the  difference  in  dipole  moments 
and  molecular  velocities  between  HF  and  DF;  this  results  in  KQ  *  1.6  x  10”® 
sec“^torr~^  for  DF.  With  this  single  modification  the  lines  (H-H)  in  Fig.  1-7 
were  obtained;  these  calculations  are  also  in  reasonable  agreement  with  the 
DF  experimental  results. 

The  rate  of  population  loss  from  a  particular  pumped  level  (rotational 
relaxation)  can  be  calculated  from  Eq.  2  by  summing  the  rates  from  J  to  all 
values  of  J*.  These  are  the  rotational  relaxation  rates  designated  by  H-H 
in  Figs.  1-8  and  1-9  for  DF  and  HF,  and  are  in  fair  agreement  with  linewidth 
values.  The  solid  portion  of  the  lines  are  calculations  for  the  experimental 
data  and  the  dashed  portions  are  extrapolated  calculations. 

The  kinetic  model  of  Polanyi  and  Woodall  (Ref.  6)  for  rotational  relaxation 
is  based  on  a  complete  transfer  of  energy  to  translation  as  a  molecule 
collislonally  changes  levels  by  AJ.  This  model  was  first  proposed  for  the 
deactivation  of  HF  by  argon  but  it  has  also  been  used  to  describe  self  de¬ 
activation. 

The  rate  is  given  by 

Kaj  -  Ae"  ®  AE/RT  (4) 

where  A  and  B  are  constants  and  AE  is  the  energy  for  AJ.  This  form  of  the 
rate  K. .  applies  for  positive  AE  while  detailed  balance  is  used  to  supply 
Kjj  for  negative  AE.  By  substituting  Eq.  4  into  Eq.  3  rates  for  HF  transfer 
from  J  to  J'  were  calculated  and  these  results  are  shown  as  the  line  designated 
by  P-W  in  Fig.  1-6.  This  model  seems  to  fit  the  experimental  data  for  HF  about 
as  well  as  our  model.  However,  in  order  to  obtain  a  good  fit  to  DF  data  new 
values  for  A  and  B  had  to  be  used;  a  simple  correction  for  dipole  and  molecular 
velocity  differences  was  not  sufficient.  With  this  change  the  P-W  lines  in 
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Fig.  1-7  for  DF  were  calculated.  Rotational  relaxation  rates  for  DF  and  HF  were 
also  calculated  using  the  Polanyi-Woodall  model  by  summing  from  J  to  all  values 
of  J'.  These  results  are  also  shown  in  Figs.  1-8  and  1-9. 

Both  our  theory  and  the  Polanyi-Woodall  theory  give  reasonable  fits  to  the 
data  In  Figs.  1-1,  1-2  and  1-5,  1-6,  although  the  basic  rate  constant  for  P-W 
needed  to  be  changed  in  order  to  fit  both  HF  and  DF.  These  two  theories  give 
vastly  different  predictions  for  rotational  relaxation  rates  at  high  J  levels. 
Additional  experimental  measurements  at  these  high  J  levels  should  provide 
differentiations  between  the  calculations  and  may  give  information  needed  for  a 
more  comprehensive  theory. 
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TABLE  I 

TRANSFER  RATE  CONSTANTS  FOR  DF 

(x  10^  sec-^  torr 


1/Pt  Kij_ 


2  +  3 

157.6 

30.3 

4 

73.0 

11.8 

6 

27.9 

2.06 

8 

16.0 

0.321 

10 

10.7 

0.0341 

3  +  4 

176.1 

28.6 

5 

74.2 

8.7 

6 

41.8 

3.08 

7 

25.3 

1.03 

8 

15.2 

0.305 

9 

13.9 

0.122 

10 

12.6 

0.0430 

11 

10.4 

0.0124 

4  +  5 

73.3 

8.6 

6 

34.3 

2.53 

8 

21.5 

0.431 

10 

14.5 

0.0495 

5  +  6 

177.4 

13.1 

8 

36.7 

0.736 

10 

14.1 

0.0481 

6  +  7 

83.5 

3.41 

8 

52.5 

1.05 

9 

35.7 

0.313 

8  +  9 

86.9 

0.761 

Assume  D  *5790.5 
Tpulse  "  65  ns 
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SECTION  2 

PRESSURE  BROADENED  LINEWIDTHS  FOR  THE  DF  FUNDAMENTAL  ABSORPTION  BAND 


Introduction 

Collision  broadened  linewidths  are  a  useful  measure  of  the  total  collisional 
processes  in  a  gas  and  can  be  used  in  comparison  with  individual  rates  measured 
by  other  means.  Data  for  HF  and  DF  linewidths  are  of  particular  interest  for 
chemical  laser  technology.  We  have  recently  reported  measurements  of  broadening 
parameters  for  HF  gas  using  a  narrow  line  cw  HF  laser  (Ref.  1).  Bonczyk  (Ref. 

2)  has  made  similar  measurements  for  DF  fundamental  band  over  the  range  of 
transitions  P5  through  P10.  There  is  considerable  interest  in  data  for  high 
DF  lines  for  both  the  laser  needs  and  as  a  source  of  collisonal  rates.  In 
this  section  we  describe  results  from  laser  measurements  over  the  range  P6  through 
P18  and  a  comparison  of  the  derived  collisional  rates  with  data  from  other 
measurements . 


Experimental 

Absorption  was  determined  by  directing  radiation  from  a  cw  laser  through 
an  absorption  cell  and  measuring  the  changes  in  the  intensity  of  the  laser 
beam  with  an  InSb  detector  as  DF  gas  was  added  to  the  cell.  The  incident  beam 
intensity  was  monitored  by  splitting  off  part  of  the  incident  beam  to  a  second 
detector.  The  laser,  a  small  mixing  type  producing  single  line  cw  radiation  of 
0.1  -  0.2  watts,  has  been  described  previously  (Ref.  3).  The  laser  cavity  optics 
consisted  of  a  grating  for  line  selection  and  a  concave  copper  mirror  (0.6  M 
radius)  mounted  on  a  piezoelectric  crystal  for  cavity  tuning.  Radiation  was 
extracted  from  the  cavity  by  specular  reflection  from  the  grating.  A  1/2 
meter  Jarrell  Ash  Spectrometer  was  used  to  identify  laser  lines.  The  laser 
oscillated  on  a  single  longitudinal  mode  with  a  linewidth  of  less  than  10  MHz 
and  could  be  tuned  over  a  range  of  350  MHz. 

A  series  of  absorption  cells  varying  in  length  from  0.22  cm  to  65  cm 
were  made  from  Kel-F  tubing  with  sapphire  windows  held  in  a  compression  seal. 

For  the  weakest  absorption,  two  65  cm  cells  were  used  in  series  in  a  folded 
configuration.  For  higher  temperature  measurements,  the  cells  were  heated  in 
a  tubular  oven  that  varied  in  temperature  less  than  1  C  (at  100  C)  along  its 
90  cm  length.  The  gas  handling  system  was  also  made  from  Kel-F.  A  capaci¬ 
tance  manometer  calibrated  with  a  McLeod  gauge  was  used  to  measure  gas  pres¬ 
sure.  DF  (Matheson  Co.)  was  purified  by  distillation  between  vessels  at 
77K  and  190K,  followed  by  absorption  and  desorption  from  NaF  and  then  pumping 
at  77K  before  each  use  to  remove  Hj.  The  HF  content  in  the  DF  samples  was 
less  than  3%  as  measured  by  absorption  with  a  cw  HF  laser. 
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Data  were  recorded  by  displaying  detector  signals  for  the  incident  inten¬ 
sity,  IQ,  and  the  transmitted  intensity  I  on  a  dual  beam  oscilloscope  and 
photographing  the  traces  as  the  laser  was  swept  over  the  power-frequency  curve. 
Line  center  was  easily  identified  by  a  Lamb  dip  which  is  clearly  visible  in 
the  sample  trace  shown  in  Fig.  2-1.  Because  the  traces  were  taken  simultan¬ 
eously,  fluctuations  in  laser  intensity  did  not  affect  the  ratio  I/IQ  used  to 
calculate  the  absorption  coefficient  a  ftom  I/ID  =  e-aL  where  L  is  the  cell 
length . 

Results  and  Discussion 


Absorption  measurements  in  DF  were  made  for  the  lines  P6  through  P14  at  23C 
over  pressure  ranging  from  0.1  torr  to  750  torr.  The  data  for  line  center 
absorption,  aQ,  are  presented  in  Fig.  2-2  as  a  plot  of  aQ  versus  P.  In  the 
Doppler  region,  aQ  is  a  constant  and  the  data  are  in  excellent  agreement  with 
the  straight  lines  that  are  drawn  using  values  from 


a 


o 


C2A 

87rvo2 


(1) 


where  A  is  the  Einstein  coefficient  whose  values  are  from  Meredith  (Ref.  4)  and 
vQ  is  the  line  center  frequency,  M  is  the  molecular  mass,  Nu  and  are  upper 
and  lower  level  populations  and  gy  and  g^  are  the  level  generacy  factors. 


At  Increased  pressure  the  absorption  is  dominated  by  degeneracy  pressure 
broadening  and  the  data  in  Fig.  2-2  become  asympotic  to  constant  value  of  aQ. 

With  further  increase  in  pressure,  HF  polymer  formation  contributes  additional 
absorption  which  is  more  evident  for  higher  lines  where  absorption  from  the 
monomer  is  weaker.  The  data  for  higher  P  lines  were  corrected  to  obtain  pressure 
broadened  absorption  for  the  monomer  by  subtracting  the  polymer  contribution. 
Absorption  for  the  lines  P12,  P13  and  P14  are  completely  dominated  by  polymer 
absorption  above  200  torr  and  exhibit  increasing  absorption  with  pressure  indepen¬ 
dent  of  absorption  line.  This  behavior  is  nearly  identical  with  observations  for 
HF.  High  pressure  absorption  data  for  P12  were  corrected  to  obtain  pressure 
broadened  absorption  by  subtracting  the  polymer  contribution. 

For  lines  higher  than  P12  this  procedure  could  not  be  used  because  of  the 
preponderence  of  polymer  absorption  at  23  C.  Measurements  were  made  at  100  C 
for  P13  through  P18  and  extrapolated  to  25  C  by  accounting  for  the  effect  of 
temperature  change  on  the  absorption  coefficient  due  to  change  in  molecular 
density,  velocity  and  rotational  population  distribution.  These  factors 
give  a  functional  dependence  of  T-^e“®/RT.  The  collisonal  cross  section  was 
assumed  to  be  temperature  independent.  This  function  was  found  to  fit  HF  data 
up  to  100  C  in  Ref.  1  and  shows  a  good  fit  through  data  for  DF  at  P12  over  the 
range  of  23  C  to  100  C  in  Figure  2-3. 
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Linewidths  were  calculated  from  values  for  the  pressure  broadened  absorption 
o0  (cm“l)  at  the  line  center  for  the  lines  P6-P18  at  23  C.  By  assuming  a  Lorenz 
line  shape  which  relates  the  line  width  (HwHh)  and  line  center  absorption: 

.  _  760A  /  2J-1  \nt 

V  aD  8it2CE2  y  2J+1 J  (2) 

where  the  negligible  population  in  the  upper  level  has  been  neglected.  Values 
from  Meredith  were  used  for  A,  the  Einstein  coefficient,  and  E,  the  energy 
separation  for  the  transitions;  the  population  in  the  lower  rotational  level 
Nj  for  the  transitions  was  calculated  from  the  Boltzman  distribution  at  the 
appropriate  temperature.  The  resulting  linewidths  are  listed  in  Table  I  and 
are  plotted  in  Fig.  2-4  for  the  P  branch  lines  P6  through  P18.  Calculations 
by  Meredith  (Refs.  4,  5)  using  the  Anderson  theory  of  linewidths  provides  the 
solid  line  in  Fig.  2  which  is  an  excellent  description  of  the  experimental  data. 

The  total  collision  rate,  v,  can  be  obtained  from  the  line  width  from  the 
relationship 


v 


2ttC 

760 


Av 


Collisional  rates  for  DF  obtained  from  the  absorption  data  are  shown  in 
Figure  2-5.  For  comparison,  rates  are  also  plotted  for  vibrational,  rotational 
and  translational  relaxation  rates.  The  latter  two  were  obtained  from  double 
resonance  measurements  as  described  in  the  previous  section.  The  sum  of  these 
three  rates  are  within  a  factor  of  two  of  the  llnewidth.  This  deviation  can 
partially  be  explained  by  uncertainties  in  velocity  relaxation  rates  and  by 
absence  of  exchange  collisions  in  the  rotational  rates  which  are  included  in 
the  linewidths. 
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SECTION  3 

OBSERVATION  OF  ROTATIONAL  LASING  IN  DF 


Lasing  between  rotational  levels  in  HF/DF  chemical  lasers  has  been  reported 
by  several  authors  (Ref.  1)  and  this  may  be  a  common  feature  of  these  high  gain 
systems.  Skribanovitz  (Ref.  2)  has  described  rotational  lasing  or  superfluor¬ 
escence  in  HF  gas  samples  pumped  by  radiation  from  a  pulsed  HF  laser  under 
conditions  used  in  collisional  relaxation  studies.  We  have  previously  reported 
(Ref.  3)  population  transfer  in  HF  by  both  collisional  and  radiative  processes 
in  ir  laser  double  resonance  experiments.  Lasing  at  long  wavelengths  was 
observed  after  pumping  an  HF  gas  sample  with  each  of  1P3  through  1P8  transitions. 
No  distinction  was  made  between  lasing,  super fluorescence  or  superradiance  in 
the  experiments.  The  effect  of  "lasing"  on  population  transfer  was  incorporated 
in  a  kinetic  model. 

Similar  observations  of  "lasing"  between  rotational  levels  in  DF  are 
reported  here.  The  experimental  apparatus  described  in  reference  3  was  used 
which  employed  a  Kel-F  gas  sample  cell  40  cm  in  length.  A  pumping  pulse 
from  a  DF  laser  was  passed  through  the  cell  which  was  fitted  with  CaF£  windows 
and  contained  a  sample  of  DF.  The  excited  DF  "lased"  on  rotational  transitions 
producing  long  wavelength  radiation  that  was  reflected  by  the  CaF£  windows  and 
transmitted  out  of  the  cell  through  a  polyethylene  window  which  is  not 
transparent  to  the  short  wavelength  pumping  pulse.  A  GeGa  detector  (4°K)  was 
used  to  observe  the  long  wavelength  "lasing"  and  individual  lines  were  identified 
by  use  of  a  monochrometer  (Perkin  Elmer  Model  El).  With  the  particular  grating 
available  for  use,  the  monochrometer  passed  only  radiation  wavelengths  between 
100  and  200  microns. 

"Lasing"  at  long  wavelengths  was  observed  after  pumping  the  DF  gas 
sample  with  each  of  1P4  through  1P7  transitions.  Cascading  from  one  level  to 
lower  levels  was  definitely  seen.  In  Figure  3-1  an  example  of  cascading  is 
shown  with  traces  from  detecting  a  1P5  pumping  pulse  and  long  wavelength  pulses 
from  J4-+-3  and  J3-+2  of  v*l  at  118  microns  and  158  microns.  There  is  a  definite 
delay  between  the  start  of  the  long  wavelength  pulses  which  is  probably  a 
reflection  of  the  required  time  to  build  up  population  in  J3  from  the  J4-+3 
radiative  transfer  of  population.  Cascading  was  not  directly  observed  in  the 
radiative  transitions  for  HF  but  was  evident  in  population  transfer  to  lower 
levels  (AJ*-2)  as  measured  with  a  probe  laser  (Ref.  3). 

The  experiments  with  DF  are  summarized  in  Fig.  3-2.  On  pumping  with  1P4, 
"lasing"  from  J3  to  J2  (v*l)  was  recorded.  Pumping  J4  with  a  1P5  pulse 
produced  lasing  on  both  J4-*-3  and  the  cascaded  transition  J3+2.  When  J5  was 
pumped  by  a  1P6  pulse,  "lasing"  from  J5-*-4  at  95  microns  was  not  observed 
because  of  the  limitation  of  the  monochrometer,  however  the  transition  J4+3 
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did  "lase"  at  118  microns  and  158  microns.  From  this  we  infer  that  a  "lasing" 
cascade  J5->-4-*-3  occurred.  Similarly,  on  pumping  J6  the  observation  of  "lasing" 
at  118  microns  on  the  J4-*3  transition  leads  to  the  conclusion  that  there  was 
"laser"  cascading  J6-*5-*-4-*-3.  The  kinetic  model  simulation  of  the  experiment 
(Ref.  3)  had  predicted  cascaded  lasing  three  or  four  levels  below  the  pump 
level  for  both  HF  and  DF.  This  experimental  evidence  now  confirms  that 
prediction. 
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SECTION  4 

OBSERVATION  OF  VIBRATION  TO  ROTATION  TRANSFER  IN  DF 


In  order  to  account  for  the  exceptionally  fast  vibrational  relaxation  rates 
of  HF  and  DF,  a  mechanism  was  proposed  by  Shin  (Ref.  1)  and  by  Wilkins  (Ref.  2) 
whereby  a  resonant  transfer  of  population  would  occur  from  v  to  v-1  at  high  J 
rather  than  requiring  all  of  the  vibrational  energy  to  go  into  translation.  As 
an  example,  in  HF  vibrational  relaxation  would  occur  by  a  transfer  from  v=l  to 
v=0  at  J14.  There  are  other  nonresonant  mechanisms  that  may  occur;  an  excited 
molecule  in  v=l,  J3  may  collide  with  a  ground  state  molecule  v=0,  J3  and  the 
colliders  may  share  the  energy  leaving  both  molecules  in  v=0,  J10.  Other  non¬ 
resonant  energy  sharing  collisions  are  also  possible. 

A  preliminary  search  has  been  made  to  determine  the  rotational  distribution 
in  v=0  of  HF  and  DF  by  probing  this  manifold  with  the  cw  laser  after  pumping  pop¬ 
ulation  into  v=l  with  pulsed  laser  radiation.  Results  are  shown  in  Fig.  4-1  for 
HF  after  pumping  with  1P4  and  probing  with  the  laser  transitions  1P4  through  1P13. 
The  solid  line  indicates  the  equilibrium  Boltzmann  distribution;  an  excess  above 
the  distribution  which  can  be  seen  for  the  highest  levels  is  direct  evidence  for 
vibration  to  rotation  transfer  at  high  J  for  at  least  some  of  the  v=l  population. 
For  DF  an  example  is  shown  of  intensity  traces  of  the  cw  probe  laser  in  Fig.  4-2. 
The  top  trace  is  the  incident  intensity  as  the  laser  is  swept  over  the  linewidth 
and  the  lower  trace  shows  the  intensity  change  at  line  center  as  population  arrives 
in  Jll  of  v=0  after  pumping  J3  of  v=l. 

The  maximum  in  the  intensity  from  such  traces  was  measured  probing  the  DF 
levels  J10,ll,12,13,14  of  v=0.  These  data  were  used  to  calculate  the  amount  of 
population  flowing  into  each  rotation  level  as  an  excess  over  the  Boltzmann 
distribution.  Results  from  measurements  at  three  pressures,  0.09,  0.12  and  0.27 
torr  are  averaged  in  Table  I.  These  data  show  that  for  DF  the  percent  excess 
is  the  same  for  all  levels  and  indicate  that  the  population  in  v=l  transfers  to 
v-0  essentially  in  a  Boltzmann  distribution  without  preferential  transfer  to 
particular  rotation  levels. 
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TABLE  I 

V-R  POPULATION  TRANSFER  DF 


Pump  Line 


excess  population 
Boltzmann  population 


1P10 
1P11 
1P12 
1P13 
IP  14 


13.6 

11.5 

16.5 
13.3 
10.0 

13  +  3% 
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FIG.  27-2 


V  R  POPULATION  TRANSFER  IN  DF 

FROM  V  =  1,J  =  3TOV  =  0,  J  =  11 
0.07  lorr 
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